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Abstract Due to the interesting properties of hafnium
diboride (HfB,) as a ceramic, it has drawn considerable
attention from several researchers. To understand the
radiation properties of HfB, that may be used in the nuclear
industry, the interaction of this composite under neutron
irradiation was studied. It is obvious that, because HfB, has
Boron, this composite has the potential to absorb neutrons
particularly in the range of thermal energy. The '°B (n, o)
’Li interaction is dominant among other interactions that
produce alpha particles. The results revealed that alpha
particles have a high fluctuation diagram following a saw-
tooth spectrum for thermal neutron energy, which has to be
carefully analyzed. If HfB, is intended to be used in fusion
facilities, for example in fusion reactors, its interaction
with high neutrons (14 MeV) should be studied. The
results of this case showed that, in the wide range of alpha
energy, the amount of alpha particles is almost constant, so
this continuum spectrum is almost flat and there is just a
small peak at 2.31 MeV that belongs to the very famous
interaction ['°B (n, o) "Li].
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1 Introduction

High-efficiency materials in radiation environments and
safety remarks in the nuclear industry have always been the
concern of nuclear material scientists and necessitate them
to introduce new materials. Each nuclear facility, even each
part of it, requires particular materials to operate properly.
One of the materials that was recently introduced is a kind
of ultra-advance ceramic called HfB,. HfB,’s elements,
hafnium (Hf) and boron (B), have a high capacity to absorb
neutrons [1-3]. The neutron thermal cross sections of
stable Hf and B are 14 and 3980 Barns, respectively. Some
HfB, properties are listed in Table 1.

These excellent thermal, mechanical and nuclear prop-
erties are the reasons for using HfB, as a control rod in
fission power plant reactors (e.g., pressurized water reac-
tors (PWRs)) [4]. Neutron calculation and measurement in
fusion facilities like tokomak are very important [5, 6], and
HfB, also may play an important role as the first wall of
tokomaks.

Therefore, HfB, ceramic with all these properties would
be a good candidate for such purposes. Despite these
interesting properties, there are some difficulties in using
HfB, under irradiation of neutrons. This issue originates
from the nuclear interactions especially '°B (n, o) "Li.

For example, through 10 (n, o) 7Li interaction, the 10
isotope transforms into an 'Li isotope plus an alpha parti-
cle. There are two modes of interaction as follows:

n+'""B — "Li* +0,Q = 2.31 MeV + y (0.48 MeV) (93 %)

n+ "B — "Li+o,Q =2.78 MeV(7%).

Although these interactions are dominant, other inter-
actions like:
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Table 1 HfB, ceramic properties

Properties Value
Molar mass (gr) 200.112
Melting temperature (°C) 3380

Density at 25 °C (g/cm’) 11.2

Water solubility Insoluble
Crystal structure Hexagonal
Young’s modulus (GPa) 480
Hardness (GPa) 28
Coefficient of thermal expansion (°C™") 6.3 x 107¢
Heat capacity at 25 °C (J mol~' °C™") 49.5
Thermal conductivity (W m~' °C™") 104

"B (n,a)*Li(f7) —° Be*(20) or
"Hf(n, 2)'”Yb  or
80Hf(n, )"’ YD,

may also happen. The emitted particle, which is basically
4He, will be absorbed by the material and will cause defects
and dislocation in HfB,, which collapses its structure.

According to the literature, thermal neutrons produce
alpha particles with an average energy of 1.48 MeV and a
lithium ion with an average energy of 0.83 MeV [7]. The
interaction of neutrons with HfB, also produces prompt y
rays which need more precautions when shielding is
intended with this compound.

Several experiments have been carried out to determine
the cross section of the '°B (n, o) "Li interaction [8, 9].
Some investigators have compared the practical results
with databases such as the Evaluated Nuclear Data Format
(ENDF) or the Japanese Evaluated Nuclear Data Library
(JENDL), in a limited energy range [10, 11].

In this study, the well-known Geant4 has been used to
simulate the behavior of HfB, interactions with neutrons in
a wide range of neutron energy. The high precision of
Geant4 (HP) model covers the spectrum of 0-20 MeV
neutron energy. In this range, the Geant4 Nuclear Data
Library (G4NDL) matches the ENDF and JENDL. The
model considers neutron interaction with matter, including
capture, elastic, inelastic {(n, y) (n, o), (n, 2n), (n, na), (n,
np}, and also different models for the ion interactions [12].
Geant4 has been used for several simulation purposes and
shows its validity [13-17].

2 Virtual experiment
A rectangular bulk sample with surface area of 10 cm x

10 cm and thicknesses of 2, 10, 20, 50, and 100 mm has
been selected for the simulation. The bulk sample was
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bombarded by a square neutron beam with the same surface
area in a fixed distance of 10 cm from the surface of the
bulk sample, as shown in Fig. 1. The sample surface was
then hit by 10° neutrons during each virtual experiment.
Various simulations have been carried out with mono
energy neutrons of 0.025eV, 1eV, 1keV, 100 keV,
1 MeV, 10 MeV and 14 MeV to determine the alpha par-
ticles resulting from 10 (n, o) "Li or other (n, o) interac-
tions. Figure 2 depicts all interactions from a 100 mm
thickness of HfB, slab, except 14 MeV neutrons. It was
observed that, in the range of 0.025 eV-100 keV of neu-
tron energies, the amount of alpha particle spectrums had a
drastic fluctuation reaching 1.8 MeV. The compound did
not produce any more alpha particles. In Fig. 2, the fluc-
tuation is due to the alpha particle collisions. On the other
hand, the fluctuation is due to counting all alpha particles,
either produced or collided ones. As we know, when alpha
particles collide with matter, it loses its energy in specific

Fig. 1 Virtual experiment of irradiation of neutron on HfB,
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Fig. 2 Alpha particles spectrum in 100 mm thickness of HfB, as a
result of all (n, o) interactions by different neutron energies
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amounts, which means we have particles in discrete
energy. So if we count all these particles, then we have
such fluctuations in the spectrum. This spectrum shows the
alpha particles that exist in the material at any moment of
time. 10 MeV energy has been divided into 256 channels;
therefore, with the discrete energy of alpha particles, we
must have increased or decreased amounts in each channel.
This fluctuation would be seen for high counting, espe-
cially in the logarithmic scale. If we notice the spectrum for
1 MeV or 10 MeV neutron energy, we can see that all the
alpha particles are not enough so we do not have such
fluctuation in those spectrums.

It was also recognized that, at 1 MeV neutrons, the
alpha particles have an energy range of 0-4.5 MeV.
4.5 MeV alpha particle energy is not because of B (n, o)
Li. These alphas could be created via other inelastic
interactions of neutrons with matter. At 10 MeV of neutron
energy, the amount of produced alpha particles changes to
around 4 %, which indicates that only 4 % of the 10 MeV
neutron flux has been involved in the (n, o) interaction to
produce alpha particles. This amount then gradually
decreases and ends before 8 MeV.

The general shape of the alpha particles spectrum is the
same for different thicknesses of the HfB, slab. Figure 3 is
plotted for 14 MeV neutron interactions with different
thicknesses of HfB, slab. It indicates that thicker slabs pro-
duce more alpha particles. Figure 3 also reveals that the
amount of lower energy alpha particles is higher with
descending trends toward a 1.8 MeV alpha particle energy. At
1.8 MeV, a flat peak appears, then followed by a gradually
continuing slope, and it suddenly drops at 7.4 MeV. After that,
the alpha particles’ energy ended at 8§ MeV.

The interaction of neutrons with HfB, produces some
amount of energy, which would be absorbed by the com-
pound. The deposited energy, as part of a single neutron,
was analyzed by different thicknesses of the HfB, slab, and
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Fig. 3 Alpha particles spectrum produced in different thicknesses of
HfB, as a result of all (n, o) interactions by 14 MeV neutron energy
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Fig. 4 Amount of energy deposition versus the energy of incident
neutrons

the results are plotted in Fig. 4. As reported by some
researchers [7], in log (n, o) "Li interaction, the sum of
the “He and Li kinetic energies (0.83 4+ 1.48 MeV) is
2.31 MeV. The starting point in Fig. 4 shows that the
0.025 eV thermal neutrons produce 2.48 MeV on average,
which closely agrees with the reported value.

Departing from the starting point, the deposited energy
within the compound reduces and reaches its minimum
value of around 0.2-0.5 MeV, followed by a rapid increase
thereafter. The increase in deposited energy could be due to
the multiplication of elastic interactions that may produce
low-energy neutrons in conjunction with the repeating
interaction of '°B (n, o) "Li.

This phenomenon has been analyzed and depicted sep-
arately in Fig. 5. The figure shows that neutrons’ elastic
interactions start from 10 keV onward and boost swiftly as
the energy of the neutrons becomes higher.
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Fig. 5 Amount of scattered neutrons versus different neutron inci-
dent energies
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3 Conclusion

The behavior of HfB, interaction with a wide energy
range of neutrons was studied. Boron has a major influence
on HfB, performance, and its large thermal neutron cross
section plays the main role. Although Boron can absorb
more neutrons, the '°B (n, o) ’Li interaction may introduce
some defects in the HfB, structure. Based on this concept,
the amount of produced alpha particles and deposited
energy within the HfB, compound interacting with neu-
trons has been simulated. This virtual experiment approach
is very helpful in inserting alpha detectors as well as
neutron detectors in between the HfB, composite, which is
very challenging and even impossible. Neutron irradiation
to the HfB, composite affects the amount of Boron during
this time. So, all computation of defective effects are time
dependent for future studies.
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